Introduction
============

Knee osteoarthritis affects millions of people worldwide ([@b1-ijmm-46-01-0167]). It is mainly characterized by cartilage lesions, subchondral bone sclerosis and aseptic inflammation of the synovium ([@b2-ijmm-46-01-0167]). Previous studies have identified that the pathogenesis of osteoarthritis (OA) is initially caused by structural modification in the subchondral bone in response to changes in the mechanical environment ([@b3-ijmm-46-01-0167]-[@b5-ijmm-46-01-0167]). It has also been reported that subchondral bone of OA shows dysregulated bone modified by osteoblast and osteoclast activity ([@b6-ijmm-46-01-0167]), finally resulting in the formation of sclerosis ([@b7-ijmm-46-01-0167]).

Transforming growth factor β (TGFβ), canonically binds to its cell surface receptor and then directly phosphorylates Smad2/3 to translocate the signaling molecule into the nucleus and interact with other transcriptional factors, playing an important role in the development of OA ([@b8-ijmm-46-01-0167]-[@b13-ijmm-46-01-0167]). However, the effect of TGFβ on OA varies depending on the sites it acts on. Regarding cartilage, the inhibition of TGFβ1 in chondrocytes could decrease the expression of collagen and proteoglycans in developing knee joints ([@b14-ijmm-46-01-0167]-[@b16-ijmm-46-01-0167]), suggesting that TGFβ1 might be a therapeutic agent for OA. Conversely, in adult knee joints, chondrocyte TGFβ1 could induce extracellular matrix-degrading enzymes ([@b17-ijmm-46-01-0167]). Yet, in the subchondral bone of OA, a large amount of TGFβ was activated in the extracellular matrix ([@b8-ijmm-46-01-0167]). Moreover, it has been suggested that osteoblastic TGFβ signaling in subchondral bone might play an important role in the pathogenesis of OA by altering mesenchymal stem cell (MSC) osteogenic activity ([@b9-ijmm-46-01-0167]).

Several studies have emphasized that osteocytes play an important regulatory role in maintaining bone metabolism ([@b18-ijmm-46-01-0167],[@b19-ijmm-46-01-0167]). It has been found that osteocytes, the most abundant mechanosensory cells, are involved in loading-increased anabolism of cortical bone via inhibition of the TGFβ-Smad2/3 pathway ([@b20-ijmm-46-01-0167]). Moreover, osteocyte morphology in OA has been found to be altered, exhibiting rough and rounded cell bodies with fewer and disorganized dendrites ([@b21-ijmm-46-01-0167]). A dysregulated expression of the osteocyte markers ([@b22-ijmm-46-01-0167]), apoptosis ([@b23-ijmm-46-01-0167]), and degradative enzymes ([@b24-ijmm-46-01-0167]) was also observed in OA.

Although osteocytes have been identified to play vital roles in OA development, it is unclear how osteocytes respond to abnormally activated TGFβ in the extracellular matrix of osteochondral bone in the late OA. Therefore, the aim of the present study was to explore the association between osteocyte TGFβ signaling and the remodeling of the subchondral bone in relation to different cartilage damage, which will lay the foundation for further research on the role of osteocyte TGFβ signaling in OA.

Materials and methods
=====================

Patients
--------

Chinese patients who had undergone total knee arthroplasty due to OA rather than rheumatoid arthritis, included 7 males and 13 females (21 knees), with an average age of 68 years (age range, 60-78 years). The mean body mass index of males and females was 25.18±1.81 and 26.34±2.05, respectively. A total of 21 tibial plateau specimens were collected from The First Affiliated Hospital of Chongqing Medical University (Chongqing, China) between May 2018 and May 2019 ([Table I](#tI-ijmm-46-01-0167){ref-type="table"}). Standard surgical procedures were performed during knee arthroplasty and specimen collection did not involve any clinical intervention. The collection of human specimens and animal experiments in the present study were approved by the Ethics Committee of the First Affiliated Hospital of Chongqing Medical University (Permit number: 2015-316), under which the effect of Smad7 on chondrogenesis and endochondral ossification ([@b25-ijmm-46-01-0167]), osteocyte TGFβ-Smad4 on osteoblastic and osteoclastic differentiation ([@b26-ijmm-46-01-0167]) had been previously have identified. Written informed consent was obtained from participants.

Specimen collection and processing
----------------------------------

The tibial plateaus of patients were removed during surgery and rapidly transferred to the laboratory at on-ice. After collecting gross images, the tibial plateaus were aseptically cut into pieces of \~0.5x0.5x0.2 cm using bone scissors. The areas of cartilage wear were divided into full cartilage, partial cartilage and full defect groups. Specimens were radiographed using a bone density instrument (kubtecNC), 50% of which then underwent RNA and protein isolation and the other half of which was soaked in 4% paraformaldehyde at room temperature for 24 h, decalcified in 10% EDTA for 3 weeks, dehydrated in graded alcohol, embedded and cut into 5-mm thick sections.

Bone mineral density (BMD) analysis
-----------------------------------

Small pieces of specimens were radiographed using a kubtecNC instrument with automatic exposure at 45 KV, 500 mA. The BMD of the subchondral bone area was measured and analyzed using kubtec Digicom BMD Processor.

Hematoxylin and eosin (H&E) and safranin O staining H&E staining
----------------------------------------------------------------

Paraffin sections were baked at 59°C for 30 min, dewaxed in xylene and hydrated in a series of gradient alcohol, followed by immersion in hematoxylin dye solution at room temperature for 5 min to stain the nuclei, in hydrochloric acid for 5 sec for differentiation, and in lithium carbonate to blue the nuclei. They were then immersed in eosin at room temperature for 5 min to stain the cytoplasm. Finally, once they were dehydrated and transparent, they were sealed with resin.

Safranin O staining
-------------------

Slices were baked, dewaxed and hydrated as previously described. Next, they were immersed in freshly prepared Weigert stain for 5 min, differentiated in acid for 15 sec and immersed in the green staining solution for 5 min and in the Safranin O dye solution for 5 min at room temperature, according to the manufacturer\'s protocol (G1371; Beijing Solarbio Science & Technology Co., Ltd.). They were then washed with a weak acid solution for 30 sec to remove the remaining solid green. Finally, once they were dehydrated and transparent, they were sealed with resin.

Immunohistochemistry
--------------------

Sections were baked, dewaxed and hydrated as previously described. The antigen was then repaired by proteinase K (0.3 mg/ml; Merck KGaA) treatment at 37°C for 30 min. Endogenous enzyme activity was extinguished using 3% hydrogen peroxide for 10 min. Slices were blocked with goat serum (cat. no. 5425; Cell Signaling Technology, Inc.) at 37°C for 1 h and incubated with primary antibody overnight at 4°C \[rabbit anti-TGFβ1, cat. no. 3709, 1:100; rabbit anti-phosphorylated (p)-Smad2/3, cat. no. \#8828S, 1:200; Cell Signaling Technology, Inc.; rabbit anti-a disintegrin and metalloproteinase with thrombospondin motifs 4 (Adamts4), cat. no. \#ab185722, 1:200; Abcam\], incubated with secondary antibody for 1 h at room temperature \[horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody, cat. no. \#7074, 1:1,000; Cell signaling Technology, Inc.; goat anti-rabbit lgG/Cy3, cat. no. bs-0295G-Cy3; 1:1,000; Bio-synthesis Inc.\]. 3′-Diaminobenzidine (DAB, Bio-synthesis Inc.) was added for 5 min and then 4′, 6-diamidino-2-phenylindole or hematoxylin was used to counterstain the nuclei at room temperature for 5 min. The slides were observed under a light or fluorescence microscope (magnification, ×40, ×100 or ×200).

RT-qPCR
-------

Subchondral bones from human knees were ground within liquid nitrogen. Next, total RNA extraction was performed using TRIzol (Thermo Fisher Scientific, Inc.) and reverse transcribed into cDNA with PrimeScript RT Reagent kit (Takara Bio, Inc.) with the following conditions: 37°C for 15 min and 85°C for 5 sec. qPCR analysis of alkaline phosphatase (ALP), osteopontin (OPN) and osteocalcin (OCN) mRNA was performed using the CFX96 Real time PCR Detection system (Bio-Rad Laboratories, Inc.) with SYBR Premix Ex Taq II (Takara Bio, Inc.). The thermocycling conditions of qPCR were as follows: 95°C for 30 sec; and 40 cycles of 95°C for 5 sec and 60°C for 5 sec. GAPDH was used as a reference gene. All sample values were normalized to GAPDH expression using the 2^−ΔΔCq^ method as described previously ([@b27-ijmm-46-01-0167]). The qPCR primer sequences were as follows: ALP forward, 5′-ACA CCA ATG TAG CCA AGA ATG TCA-3′ and reverse, 5′-GAT TCG GGC AGC AGC GGT TAC T-3; OPN forward, 5′-ACA CTT TCA CTC CAA TCG TCC-3′ and reverse, 5′-TGC CCT TTC CGT TGT TGT CC-3′; OCN forward, 5′-CAG CGG CCC TGA GTC TGA-3′ and reverse, 5′-GCC GGA GTC TGT TCA CTA CCT TA-3′; and Gapdh forward, 5′-CTA CAC TGA GGA CCA GGT TGT CT-3′ and reverse, 5′-TTG TCA TAC CAG GAA ATG AGC TT-3′.

Isolation and co-culture mouse osteocytes and bone marrow stromal cells (BMSCs)
-------------------------------------------------------------------------------

Mice were sacrificed by cervical dislocation after inhaling 2.5% concentration of isoflurane (RWD Life Science Co., Ltd.) and all efforts were made to minimize the suffering of the animals included in present study. Death was confirmed when the mice were ceased breathing and had no heartbeat and dilated pupils. The tibial and femoral diaphyses were dissected from 5, 10-week-old mice, cut into 1-2-mm pieces, and incubated in collagenase type I and EDTA 9 times, as previously described ([@b28-ijmm-46-01-0167]). Next, primary mouse osteocytes were cultured in α-minimal essential medium (Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (TBD0130HYT; Tianjing TBD Science Co., Ltd.), 1% penicillin and streptomycin (GE Healthcare Life Sciences), and 50 µM β-Mercaptoethanol (Merck KGaA). Next, osteocytes were digested with trypsin and seeded at a density of \~40,000 cells per well (24 well plate; Wuxi Nest Biology & Technology Co., Ltd.), and TGFβ1 protein (PeproTech, Inc.) or LY2109761 (MedChemExpress, Inc.) was added for 1 h, prior to co-culture with wild-type mouse BMSCs flushed from the femur and tibia. The method of isolating mouse bone marrow cells was previously described ([@b29-ijmm-46-01-0167]).

Alkaline phosphatase (ALP) and tartrate resistant acid phosphatase (TRAP) staining
----------------------------------------------------------------------------------

The co-cultured mouse cells were fixed with 4% paraformaldehyde at room temperature for 10 min and the dye solution was added following the manufacturer\'s protocol of ALP (catalog no. C3206; Beyotime Institute of Biotechnology) and TRAP (catalog no. 387; Sigma-Aldrich; Merck KGaA) staining kits. ALP-stained cells were incubated at room temperature for 30 min and TRAP-stained cells at 37°C for 1 h.

Western blotting
----------------

Protein extraction from mouse osteocytes and human knee subchondral bone was performed using 2% SDS lysis buffer containing 100 mM Tris-HCL and 100 mM β-Mercaptoethanol. Total protein was determined using a BCA protein Assay kit (Beyotime Institute of Biotechnology). Total protein (20 µg) was electrophoresed on 5-10% Bis-Tris gels (Thermo Fisher Scientific, Inc.) and transferred to polyvinylidene fluoride membranes (EMD Millipore). Membranes were blocked with 5% skimmed milk for 1 h at room temperature and incubated with primary antibodies against p-Smad2/3, Smad2 and β-actin (rabbit anti-p-Smad2/3, cat. no. \#8828S; 1:1,000; rabbit anti-Smad2; cat. no. \#5339; 1:1,000; rabbit anti-β-actin; cat. no. \#4970, 1:1,000; Cell signaling Technology, Inc.) overnight at 4°C, followed by incubation with corresponding HRP-conjugated secondary antibody (goat anti-rabbit secondary antibody, cat. no. \#7074, 1:1,000; Cell Signaling Technology, Inc.) at room temperature for 1 h. The blots were visualized using Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore) and analyzed by Image Lab 6.0.1. software (Bio-Rad Laboratories, Inc.).

Image and statistical analysis
------------------------------

All images were obtained using a light or fluorescence microscope (Olympus Corporation) and analyzed by Image J Pro (National Institutes of Health; version 1.50 g). Data are expressed as the mean ± standard deviation and analyzed with SPSS software (version 21; IBM, Corp.). One-way analysis of variance followed by Student-Newman Keuls post hoc test was performed to analyze inter- and intra-group differences. A t-test was used to compare two groups. The correlations between osteocyte p-Smad2/3 expression and other bone turnover parameters were calculated with Pearson\'s correlation coefficients. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Increased sclerosis of subchondral bone underneath the eroding cartilage
------------------------------------------------------------------------

The degrees of cartilage degeneration were distinct in the medial and lateral plateaus, especially when it came to 67% (14:21) of patients with valgus and varus deformities. The tibial plateaus of human with \'normal\' cartilage had a milky color and smooth surface, with mild cartilage degeneration showing as yellowish and coarse surface, and severe degeneration as a full thickness cartilage defect, sclerotic subchondral bone and extensive fractures ([Fig. 1A](#f1-ijmm-46-01-0167){ref-type="fig"}). Next, the alternation of sclerosis in subchondral bone was confirmed by BMD assay and sclerosis was shown to increase with the increasing cartilage erosion severity (0.029±0.006 vs. 0.050±0.012 vs. 0.075±0.011; respectively; P\<0.05; [Fig. 1B and C](#f1-ijmm-46-01-0167){ref-type="fig"}).

Altered structure of subchondral bone underneath the worn cartilage
-------------------------------------------------------------------

The structural changes in the subchondral bone from human knees were further examined ([Fig. 2Ba-c](#f2-ijmm-46-01-0167){ref-type="fig"}). It was found that, along with elevated cartilage defects, the bone volume/total tissue volume ratio (BV/TV) was also increased (0.24±0.08 vs. 0.49±0.24 vs. 0.73±0.17; P\<0.05). The thickness of the subchondral bone plate (SBP Th.) was significantly increased in the partial cartilage group compared with that in the full cartilage (0.80±0.07 vs. 0.13±0.04; P\<0.05) and full defect groups. There was a significant decrease in the partial cartilage group compared with the full defect group (2.11±0.37 vs. 0.13±0.04; P\<0.05). Similarly, the thickness of the calcified cartilage (CC Th.) in the partial cartilage group was increased compared with that in the full cartilage group (0.16±0.06 vs. 0.11±0.06; P\<0.05). In addition, the bone marrow cavity was mainly filled with adipocytes in \'normal\' subchondral bone (black arrow), which were gradually replaced with bone marrow cells, in which some new trabecular bone (blue arrow) was formed locally ([Fig. 2Aa-f](#f2-ijmm-46-01-0167){ref-type="fig"}). These results indicated that the more obvious the cartilage destruction, the more severe the subchondral bone structure changes, eventually leading to the formation of subchondral bone sclerosis.

Turnover of osteogenic and osteoclastic activities of the subchondral bone significantly increases with the increasing severity of OA
-------------------------------------------------------------------------------------------------------------------------------------

To explore the causes leading to structural changes in subchondral bone, the metabolic parameters of the bone were detected. It was found that, even in the full cartilage group, some bone islands had begun to form locally in the calcified cartilage zone and proteoglycans in the surrounding cartilage matrix were gradually lost ([Fig. 3Aa-c](#f3-ijmm-46-01-0167){ref-type="fig"}). Moreover, chondrocytes degenerated more severely in the partial cartilage group, multiple cell clusters developed and were sparsely distributed, and more proteoglycans were lost ([Fig. 3Ad-f](#f3-ijmm-46-01-0167){ref-type="fig"}).

The mechanism that leads to subchondral bone sclerosis was further explored. The mRNA expression of the osteogenic marker ALP and OPN ([Fig. 3Ba and b](#f3-ijmm-46-01-0167){ref-type="fig"}) in the subchondral bone increased significantly with the severity of cartilage defects (1.41±1.77 vs. 3.68±3.63 vs. 6.69±4.30; P\<0.05; 0.19±0.09 vs. 0.34±0.31 vs. 0.57±0.26; P\<0.05). However, the expression of OCN mRNA ([Fig. 3Bc](#f3-ijmm-46-01-0167){ref-type="fig"}) was only increased in the partial cartilage and full defect groups, as compared with the full cartilage group (0.35±0.18, 0.37±0.26 vs. 0.22±0.16; P\<0.05), but there was no significant difference between the full defect group and the partial cartilage group (0.37±0.26 vs. 0.35±0.18; P=0.74). Similarly, it was found that the number of TRAP^+^ cells per horizon in both the partial cartilage and full defect groups was significantly increased compared with that in the full cartilage group (1.06±0.76, 7.48±1.80 vs. 4.37±1.34; P\<0.05), but in the full defect group it was decreased compared with that in the partial cartilage group (4.37±1.34 vs. 7.48±1.80, P\<0.05) ([Fig. 3C and D](#f3-ijmm-46-01-0167){ref-type="fig"}). These results indicated that abnormal knee joint stress can significantly enhance the turnover of the osteogenic and osteoclastic activity in the subchondral bone, and that subchondral bone sclerosis occurs to cope with the abnormal mechanical loading.

Activation of osteocyte TGFβ signaling in subchondral bone underneath the partial and full defect cartilage
-----------------------------------------------------------------------------------------------------------

In order to investigate whether osteocyte TGFβ signaling is activated in subchondral bone throughout the development of human OA, the expression of activated TGFβ1 in three different groups was first examined. The results showed that the higher the degree of cartilage defect, the higher the expression of activated TGFβ1 in the subchondral bone marrow matrix ([Fig. S1](#SD1-ijmm-46-01-0167){ref-type="supplementary-material"}). Furthermore, the activation of the TGFβ signaling pathway was detected with immunohistochemistry ([Fig. 4A](#f4-ijmm-46-01-0167){ref-type="fig"}). Results showed that a much higher number of p-Smad2/3^+^ osteocytes existed in the full defect group, compared with the partial cartilage group (0.43±0.11 vs. 0.21±0.05; P\<0.001; [Fig. 4B](#f4-ijmm-46-01-0167){ref-type="fig"}). It was also found that the osteocyte TGFβ signaling pathway was activated in an osteoarthritic mouse model by excising the anterior cruciate ligament (data not shown). Consistent with a previous result ([@b9-ijmm-46-01-0167]), the TGFβ signaling pathway of bone marrow stromal cells (red arrow) was also activated in the subchondral bone of human osteoarthritic specimens ([Fig. 4Ad and e](#f4-ijmm-46-01-0167){ref-type="fig"}). Furthermore, the western blotting results for p-Smad2/3 showed that, as the degree of cartilage erosion increased, the activation of the TGFβ signal pathway in subchondral bone became more obvious ([Fig. 4Ca and b](#f4-ijmm-46-01-0167){ref-type="fig"}).

Occasionally, it was observed that the activated p-Smad2/3 of chondrocytes in the full cartilage group was mainly located at the hypertrophic zone ([Fig. S2Aa-c](#SD1-ijmm-46-01-0167){ref-type="supplementary-material"}). However, the activated p-Smad2/3 was activated throughout the layers in the partial cartilage group ([Fig. S2Ad-f](#SD1-ijmm-46-01-0167){ref-type="supplementary-material"}). Mechanistically, the expression of chondrocyte matrix-degrading enzymes is the main manifestation of articular cartilage degeneration ([@b30-ijmm-46-01-0167],[@b31-ijmm-46-01-0167]). Therefore, the expression of Adamts4, an important cartilage matrix-degrading enzyme, was then examined in the cartilage, in the partial and full cartilage groups. Of note, the expression of chondrocyte Adamts4 in the partial cartilage group showed the same trend as that of p-Smad2/3 ([Fig. S2B](#SD1-ijmm-46-01-0167){ref-type="supplementary-material"}). These results indicated that abnormal TGFβ may be correlated with the occurrence of OA.

Association between osteocyte p-Smad2/3 and BMD, osteogenic markers, and TRAP^+^ cells in subchondral bone
----------------------------------------------------------------------------------------------------------

Pearson\'s correlation analysis revealed that the ratios of p-Smad2/3^+^ osteocytes were positively correlated with subchondral BMD, ALP and OPN mRNA expression, suggesting that osteocyte p-Smad2/3 activation in subchondral bone was positively associated with the severity of OA ([Fig. 5Aa-c](#f5-ijmm-46-01-0167){ref-type="fig"}, [Table II](#tII-ijmm-46-01-0167){ref-type="table"}). However, it was negatively correlated with TRAP^+^ cells ([Fig. 5Ad](#f5-ijmm-46-01-0167){ref-type="fig"}, [Table II](#tII-ijmm-46-01-0167){ref-type="table"}). To further verify the role of osteocyte TGFβ signaling, mouse osteocytes were isolated and purified *in vitro* and co-cultured with mouse bone marrow MSCs. TGFβ1 protein or the selective inhibitor of TGFβ receptor type 1/2 (LY2109761) was added prior to co-culture with MSCs to activate or inhibit the TGFβ signaling pathway in osteocytes, respectively ([Fig. 5Ba and b](#f5-ijmm-46-01-0167){ref-type="fig"}). It was found that the exogenously over-activated TGFβ-Smad2/3 signaling in osteocytes could enhance the expression of ALP in bone marrow stromal cells ([Fig. 5Cb](#f5-ijmm-46-01-0167){ref-type="fig"}) and promote the formation of TRAP^+^ cells ([Fig. 5Ce](#f5-ijmm-46-01-0167){ref-type="fig"}). In addition, the inhibition of its TGFβ signaling pathway can suppress the basal osteogenic and osteoclastic promoting effects ([Fig. 5Cc and f](#f5-ijmm-46-01-0167){ref-type="fig"}).

Discussion
==========

Subchondral bone sclerosis is an important pathological feature in advanced OA ([@b32-ijmm-46-01-0167]). Mechanically, altered bone remodeling finally leads to subchondral sclerosis, which causes uneven stress on the overlying cartilage and ultimately accelerates its degeneration ([@b10-ijmm-46-01-0167]). Therefore, preventing altered remodeling can help delay the progression of cartilage degeneration, thereby elevating the average age of OA patients that need surgical treatment. Moreover, it has been found that osteoblast TGFβ signaling in subchondral bone plays an important role in the pathogenesis of OA by altering MSC osteogenic activity ([@b9-ijmm-46-01-0167]). It has also found that osteocyte morphology changes in the specimens from OA patients, with the secreted cytokine of sclerositin (SOST) decreasing and dentin matrix acidic phosphoprotein 1 increasing ([@b21-ijmm-46-01-0167]). Although a large number of studies have emphasized the key regulatory role of osteocytes in the maintenance of metabolism ([@b33-ijmm-46-01-0167]-[@b36-ijmm-46-01-0167]), the expression of osteocyte TGFβ signaling in the subchondral of advanced OA remains unclear. In the present study, it was found osteocyte TGFβ was abnormally activated under the cartilage wear region and was closely associated with the subchondral bone structural alternation and cartilage wearing. To the best of our knowledge, this is the first study to explore the association of osteocyte TGFβ with OA. This provides a preliminary basis and theoretical guidance for further exploration of the role and mechanism of osteocyte TGFβ signaling in OA.

Although cartilage degeneration is a characteristic pathological change in OA, subchondral bone structural changes caused by bone remodeling disorders are considered to be an important pathological change that precedes cartilage degeneration. This was further confirmed by MRI examination of bone marrow damage in subchondral bone, where it was found that bone marrow lesions in the subchondral bone had occurred before cartilage changes ([@b37-ijmm-46-01-0167]). Moreover, in early OA, the subchondral bone is mainly characterized by bone resorption ([@b38-ijmm-46-01-0167]), which is characterized by a decrease in the mass fraction of trabecular bone, with its increase appearing during late OA along with sclerosis ([@b39-ijmm-46-01-0167]). The present study also found an increase in the bone mass parameters and sclerosis in subchondral bone from human knee of middle-advanced OA. Studies have shown that cartilage degeneration in OA is strongly associated with subchondral bone sclerosis, regardless of whether the increase ([@b40-ijmm-46-01-0167]) or decrease ([@b38-ijmm-46-01-0167]) in sclerosis will result in cartilage degeneration. Therefore, simply reducing subchondral bone remodeling by inhibiting bone resorption does not necessarily attenuate the progression of OA. The double-balanced regulation of bone resorption and bone formation may be an effective method to cope with the increase in the turnover of subchondral bone during OA. Namely, inhibiting bone remodeling if high sclerosis is the underlying cause of OA may be beneficial, since that may prevent an increase in bone stiffness. However, if decreased mineralization is the underlying cause, inhibiting remodeling may have a negative effect, since it may prevent \'normalization\' of the apparent bone sclerosis.

It should also be noted that other factors may play a role as well, as TGFβ has been detected to be abundantly expressed in OA bone ([@b11-ijmm-46-01-0167]) and synovial tissue ([@b41-ijmm-46-01-0167]). In the present experiments, it was found that activated TGFβ1 was also expressed in subchondral bone in the middle and late stage of OA, and it showed an increased expression trend with the increase in cartilage defect. Furthermore, neutralizing the TGFβ protein in subchondral bone can effectively delay the OA process ([@b12-ijmm-46-01-0167]). Micro-fractures occur in the subchondral bone of early OA due to loadbearing, which increases the activity of osteoclasts ([@b42-ijmm-46-01-0167]) and activates latent TGFβ in the extracellular matrix ([@b43-ijmm-46-01-0167]). It has been suggested that activated TGFβ in the bone marrow can regulate the migration of MSCs via osteoblasts and induce osteogenic differentiation ([@b44-ijmm-46-01-0167]), which cause early non-coupled osteogenesis and osteoclastogenesis, accelerating the formation of local bone islands. Moreover, the conditional inhibition of osteoblast TGFβ signaling can alleviate the progression of OA ([@b9-ijmm-46-01-0167]).

How do the osteocytes, the most abundant mechanosensory cells, respond to abnormally activated TGFβ in the extracellular matrix when there is an abnormal stress distribution on the subchondral bone in advanced OA? It has been found that loading can cause an increase in the anabolism of cortical bone and that its mechanism is associated with the inhibition of the TGFβ-smad2/3 pathway in osteocytes ([@b20-ijmm-46-01-0167]). However, in the present study, it was first discovered that the osteocyte TGFβ pathway in the subchondral bone of OA patients was activated. Moreover, as previously reported ([@b3-ijmm-46-01-0167],[@b5-ijmm-46-01-0167],[@b37-ijmm-46-01-0167]), the structure of the subchondral bone significantly changed in the middle and late stages of OA, bone formation increased, and bone sclerosis was enhanced in the region of the subchondral bone under cartilage wear, further indicating that subchondral bone sclerosis is associated with cartilage.

Bone resorption in the subchondral bone of OA is also enhanced, especially in the early stage of OA, which was manifested by a decrease in bone density ([@b38-ijmm-46-01-0167]). Zhen *et al* ([@b9-ijmm-46-01-0167]) found that the osteoblast TGFβ signaling only increased the activity of osteoclasts at an early stage in the animal model of OA. It was also found that the osteoclast activity was stronger in the subchondral bone in the area underneath severely worn cartilage, especially full defect cartilage, which indicated bone resorption by osteoclasts is still elevated in the middle and late stages of OA. At the same time, it was verified *in vitro* that the activation of osteoblast TGFβ signaling can induce osteogen-esis and osteoclast differentiation of MSCs co-cultured with it. It is suggested that osteocyte TGFβ signaling may regulate the coupled bone resorption and bone formation metabolism. These results indicated that abnormal bone remodeling occurs in the subchondral bone underneath the loadbearing cartilage and eventually leads to the formation of sclerosis locally in the subchondral bone, since bone formation is stronger than bone resorption. During this process, osteocytes play an central role in regulating this dynamic bone metabolism.

It has been found that the reduction of BMD in the subchondral bone in early OA and sclerosis in late OA was associated with an increased expression of SOST ([@b32-ijmm-46-01-0167],[@b45-ijmm-46-01-0167]). Moreover, knocking out SOST increased the development of sclerosis in subchondral bone ([@b46-ijmm-46-01-0167]). Furthermore, as the degree of OA progresses, the expression of SOST in the subchondral bone decreases ([@b46-ijmm-46-01-0167]). In the late stage of osteo-blasts, TGFβ regulates the expression of its SOST via its ECR5 enhancer ([@b47-ijmm-46-01-0167]). However, it was found that PTH can inhibit the expression of SOST ([@b48-ijmm-46-01-0167]). This suggests that in late-stage OA, TGFβ may inhibit the expression of SOST through the PTH pathway, Ansari *et al* ([@b49-ijmm-46-01-0167]) demonstrated that osteocyte PTHrP/PTH regulates their gene expression, which is involved in matrix mineralization. Although direct evidence that links the aberrant activation of osteocyte TGFβ to subchondral bone sclerosis is still lacking, the present observations suggested a possible relationship.

In addition to the effect that TGFβ signaling has on bone, it may influence cartilage. Although TGFβ1-Smad2/3 signaling is required to control chondrocyte hypertrophic differentiation in immature articular cartilage ([@b14-ijmm-46-01-0167]), the activation of TGFβ signaling in mature articular cartilage will result in an extremely high expression of metalloproteinase 13, resulting in the loss of proteoglycans and increased expression of type X collagen ([@b13-ijmm-46-01-0167]). Occasionally, it was found that, in the process of degenerative changes in mature cartilage, the TGFβ-activated chondrocytes exhibited significant temporal and spatial characteristics, by which chondrocyte TGFβ signaling activation varies in different degrees of OA cartilage (temporal) and in different layers of cartilage (spatial). Initially this was only in the hypertrophic zone in the early stage, followed by a gradual spread to the superficial layer, and finally the activation of the TGFβ-Smad2/3 signaling pathway in throughout the chondrocyte layer. Mechanistically, the expression of cartilage-matrix degrading enzymes is the main manifestation of articular cartilage degeneration ([@b30-ijmm-46-01-0167],[@b31-ijmm-46-01-0167]). Therefore, the expression of Adamts4, an important cartilage matrix-degrading enzyme, in cartilage was then examined in the partial and full cartilage groups. Of note, the expression of chondrocytic Adamts4 in the partial cartilage group showed the same trend as that of p-Smad2/3. However, the specific role and mechanism of the spatial distribution of TGFβ in articular cartilage, was not studied in depth in the present study, and the current research group will further explore this phenomenon in the future.

Finally, the present study must admit several limitations. First, only 21 participants were enrolled. Yet, the aim of this preliminary study was to provide evidence of the association between osteocyte TGFβ and bone turnover state in subchondral bone of OA, and the authors believe that the sample qualities were sufficient. Secondly, TGFβ signaling through the smad2/3 pathway is its canonical pathway. Therefore, in present study, the expression of TGFβ1 and pSmad2/3 was detected by immunohistochemistry with reference to previous research findings ([@b8-ijmm-46-01-0167],[@b9-ijmm-46-01-0167],[@b12-ijmm-46-01-0167]). Although statistical correlation and *in vitro* analysis were performed to determine the effect of activating osteocyte TGFβ signaling pathway on osteogenesis and osteoclast differentiation, a direct relationship between osteocyte TGFβ signal and the development of OA remains to be elucidated. In future studies, the authors will further investigate the effect of osteocyte TGFβ signaling on the progression of OA by constructing transgenic mouse models that conditionally regulate TGFβ signaling in osteocytes, which would ultimately unveil the function of osteocyte TGFβ in OA progression. Also, in order to clarify that TGFβ influences which process of Smad2/3 pathway, the authors will next perform the transfection experiments using miRNA and siRNA. Lastly, although in the present study it was found that activated TGFβ signaling is mainly found in osteocytes, bone marrow stromal cells and osteoblasts, the role and localization of osteoclasts is unclear because it is difficult to distinguish this from the cell shape without special staining. Whether TGFβ signaling of osteoclasts is activated may require osteoclast-specific markers and p-smad2/3 double-labeled immunohistochemical staining to confirm. The authors consider these experiments outside the scope of the present study, but they are valuable and the authors wish to finish these assays in their future study.
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![Schematic diagram of specimen processing. (Aa and b) The human tibial plateau was removed during surgery; (Aa) the X-ray image of human osteoarthritic knee and (Ab) the plateau specimen removed from osteoarthritic knee. (Ac) According to the severity of cartilage erosion, the specimens were divided into 3 groups: The (Ad) full cartilage, (Ae) partial cartilage and (Af) full defect groups. (Ba-c) Subchondral bone X-ray inspection was performed in three groups of specimens; (Ba) the X-ray image of the full cartilage group, (Bb) the X-ray image of the partial cartilage group and (Bc) the X-ray image of the full defect group. (C) BMD analysis was performed in three groups of specimens. ^\*^P\<0.05 vs. the full cartilage and \#P\<0.05 vs. the partial cartilage groups, n=21. M, medial; L, lateral; BMD, bone mineral density.](IJMM-46-01-0167-g00){#f1-ijmm-46-01-0167}

![Alternation of the microstructure in subchondral bone from human knee. (A) H&E staining of the (a) full, (b) partial cartilage and (c) full defect. (Ad-f) Safranin O/fast green staining in (d) full, (e) partial cartilage and (f) full defect groups. In the full cartilage group, the bone marrow cavity was mainly filled with adipose tissue (black arrow), but in the partial cartilage and especially in full defect groups, it was composed of bone marrow cells (blue arrow), in which new trabecular bone formed locally (red color in H&E and blue in safranin O staining). Quantitative results showing that subchondral bone possesses a (Ba) higher BV/TV fraction, (Bb) SBP Th. and CC Th. in cartilage wear groups, as compared with (Bc) the full cartilage group. ^\*^P\<0.05 vs. the full cartilage and ^\#^P\<0.05 vs. the partial cartilage groups, n=21. Scale bar, 500 µm. H&E, hematoxylin and eosin; BV/TV, Bone volume/total tissue volume; CC Th., Thickness of calcified cartilage; SBP Th., Thickness of subchondral bone plate.](IJMM-46-01-0167-g01){#f2-ijmm-46-01-0167}

###### 

Turnover of osteogenic and osteoclastic activities in subchondral bone from human knee. Safranin O/fast green staining for architecture alternation in the (Ab) full and (Ae) partial cartilage groups. Alternation in the architecture of (Aa and d) cartilage and bone island (red arrow) formation (Ac and f) locally at the calcified cartilage zone. (B) The expression of osteogenic markers (a) ALP, (b) OPN and (c) OCN in subchondral bone was analyzed by reverse transcription-quantitative PCR. Bone resorption in subchondral bone was assayed by (C) TRAP stain and positive cells were stained red (blue arrow). (D) Quantitative analysis was performed by counting TRAP^+^ cells per horizon. ^\*^P\<0.05 vs. the full cartilage and ^\#^P\<0.05 vs. the partial cartilage groups, respectively, n=21. Scale bar in Ab and e, 1,000 µm and in others, 200 µm. TRAP, tartrate resistant acid phosphatase; ALP, alkaline phosphatase; OPN, osteopontin; OCN, osteocalcin.

![](IJMM-46-01-0167-g02)

![](IJMM-46-01-0167-g03)

![Activation of osteocyte TGFβ signaling in human subchondral bone. The activation of osteocyte TGFβ signaling was detected by immunohistochem-istry staining with phosphorylated smad2/3 antibody in (Aa-c) partial cartilage defects and (Ad-f) full defect groups. (Ab) Magnification of the super-layer structure in subchondral bone of Aa. (Ac) Magnification of the deep-layer structure in subchondral bone of Aa. (Ae) Magnification of the super-layer structure in subchondral bone of Ad. (Af) Magnification of the deep-layer structure in subchondral bone of Ad. (B) Quantitative assay was performed by ratio of p-Smad2/3^+^ osteocytes. Positive cell stained brown in osteocytes (black arrow) and bone marrow (red arrow). (Ca) Western blotting was performed to test the activation of the TGFβ-Smad2/3 signaling pathway in subchondral bone from three different groups and (Cb) quantitative analysis for the relative expression of Smad2 and p-Smad2/3 was performed. ^\*^P\<0.05 vs. the full cartilage and ^\#^P\<0.05 vs. the partial cartilage groups n=21. Scale bar in Aa and d, 400 µm; in others, 100 µm. TGFβ, transcriptional growth factor β; p, phosphorylated.](IJMM-46-01-0167-g04){#f4-ijmm-46-01-0167}

###### 

Association between p-Smad2/3^+^ osteocytes and bone turnover states. Scatter plot diagrams of the association between the ratio of p-Smad2/3^+^ osteocytes and (Aa) ALP mRNA, (Ab) OPN mRNA, (Ac) BMD of human subchondral bone, and (Ad) TRAP^+^ cells in the partial cartilage and full defect groups. Exogenous TGFβ1 protein and the selective inhibitor of TGFβ receptor type 1/2 (LY2109761) respectively activated and inhibited the expression of p-Smad2/3 in mouse osteocytes *in vitro*, as compared with the control group using (Ba) western blotting and (Bb) its quantitative analysis. ALP staining and TRAP staining assays were performed in the (Ca and d) control, (Cb and e) osteocyte TGFβ1 overexpression and (Cc and f) osteocyte TGFβ inhibited co-cultured groups. The results showed that (Cb and e) p-Smad2/3^+^ osteocytes promoted mouse MSCs osteogenic and osteoclastic differentiation, (Cc and f) while p-Smad2/3^-^ mouse osteocytes suppressed them when co-cultured for 11 days. ^\*^P\<0.05 vs. the control and ^\#^P\<0.05 vs. the LY2109761 groups, n=3. Scale bar, 200 µm. ALP, alkaline phosphatase; OPN, Osteopontin; BMD, bone marrow density; TRAP, tartrate resistant acid phosphatase; TGFβ, transcriptional growth factor β.
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###### 

Basic characteristics of participants.

  Gender   Population   Right knee   Left knee   BMI          Joint instability history[a](#tfn1-ijmm-46-01-0167){ref-type="table-fn"}
  -------- ------------ ------------ ----------- ------------ --------------------------------------------------------------------------
  Male     7            5            2           25.18±1.81   4
  Female   13           8            6           26.34±2.05   7

Including knee meniscus injury or resection, anterior and posterior cruciate ligament and medial or lateral collateral ligament injury or fracture history. BMI, body mass index.

###### 

Correlation coefficients.

  Bone turnover parameter   Ratio of p-smad2/3-positive osteocytes   
  ------------------------- ---------------------------------------- ----------
  ALP mRNA                  0.3056                                   0.0491
  OCN mRNA                  0.1176                                   0.4582
  OPN mRNA                  0.3257                                   0.0353
  BMD                       0.7041                                   \<0.0001
  TRAP^+^ cells             −0.8517                                  \<0.0001

ALP, alkaline phosphatase; OCN, osteocalcin; OPN, osteopontin; BMD, bone mineral density; TRAP^+^, tartrate resistant acid phosphatase positive; p, phosphorylated.
